Polyethylene glycol (PEG) derivatives have been widely used in bio-related research. However, PEG oligomers (with different molecular weights) or PEG based monomers (with different chain end groups) actually have different chemical and physical properties, which might lead to potential toxicity. In this work, the cytotoxicity of a series of PEG derivatives (oligomers and monomers) has been measured using human cervical cancer cells (HeLa) and a cell line of fibroblasts derived from mice (L929) as model cells.
Introduction
Polyethylene glycol (PEG) has been widely applied in various medical elds due to its outstanding properties such as satisfactory safety, biocompatibility, hydrophilicity etc. For example, PEG has been used in some Food and Drug Administration approved laxatives because of its excellent moisture retention and lubrication ability. [1] [2] [3] In another example, modifying drugs/ proteins with PEG (PEGylation) can effectively improve their water-solubility and circulation half-life of medicines, 4, 5 resulting in enhanced safety and therapy effects. Actually, PEGylation is becoming one of the most attractive biotechnologies and achieving huge success in fundamental research and in the market. [6] [7] [8] [9] [10] [11] By now, many PEG derivatives have been used as excellent starting materials to synthesize a number of new polymeric materials for bioapplications. 12 For example, a linear PEG has been modied as a difunctionalized PEG (DF-PEG) which could be used to quickly generate an interesting selfhealing hydrogel. 13, 14 Some PEG oligomers have been used to modify the inorganic nano-particle surface to improve the water-solubility and reduce the toxicity of those inorganic materials. [15] [16] [17] Some commercial PEG-based monomers such as poly(ethylene glycol) methyl ether acrylate (mPEGA) and poly(-ethylene glycol) methyl ether methacrylate (mPEGMA) have been used to prepare branched polymers for subsequent protein conjugation, self-assembly, drug delivery etc.
18-27
Although PEG is normally considered as almost non-toxic, some unsafe problems of PEG with low molecular weights have been noticed by researchers. Smyth et al. reported the chronic oral toxicity of PEG oligomer (M n $ 200) in rats, 28, 29 the adverse results have also be observed in monkeys, 30 suggesting potential safety problems of these 'safe' materials. Therefore, considered the broad utilization of PEG derivatives in research areas, the systematic cytotoxicity study of those PEG oligomers and PEG-based monomers is necessary and important for their further application in bio-related elds (Scheme 1).
In the current work, cytotoxicity of some PEG oligomers (with different molecular weights) and commercial PEG-based monomers (with different chain end groups) to human cervical cancer cells (HeLa) and a cell line of broblast derived from mice (L929) was evaluated. The molecular weight-dependent cytotoxicity of PEG oligomers has been observed, and the different cytotoxicity mechanisms of PEG oligomers and PEGbased monomers were revealed for the rst time. Those cytotoxicity information of PEG derivatives might be valuable references for people to choose PEG as starting materials and design purication routes to prepare biocompatible PEG-based materials for further biomedical applications.
Materials and methods

Chemicals
Triethylene glycol (TEG, 97%, HEOWNS), PEG-400 (M n $ 400, TCI), PEG-1000 (M n $ 1000, Jiangsu Haitian Petrochemical Works), PEG-2000 (M n $ 2000, SCRC), PEG-4000 (M n $ 4000, SCRC), poly(ethylene glycol) methyl ether acrylate 480 (mPEGA-480, M n $ 480, Sigma-Aldrich), poly(ethylene glycol) methyl ether methacrylate 500 (mPEGMA-500, M n $ 500, SigmaAldrich) and poly(ethylene glycol) methyl ether methacrylate 950 (mPEGMA-950, M n $ 950, Sigma-Aldrich) were used directly without further purication.
Human cervical cancer cells (HeLa) and a cell line of bro-blast derived from mice (L929) were acquired from American type culture collection (ATCC). Dulbecco's modied eagle medium (DMEM, Corning-Cellgro), Phosphate Buffered Saline (PBS, pH $ 7.2-7.4, 0.01 M, Solarbio), fetal bovine serum (FBS, Gibco), Roswell Park Memorial Institute 1640 culture medium (RPMI 1640 culture medium, Gibco), penicillin-streptomycin solution (Gibco), trypsin-EDTA (Gibco, 0.25%), 4-(3-(2-methoxy-4-nitrophenyl)-2-(4-nitrophenyl)-2H-tetrazol-3-ium-5-yl)benzene-1,3-disulfonate (CCK-8, Beyotime), 2,7-dichlorodihydrouorescein diacetate (DCFH-DA, Beyotime), oxidized glutathione (GSSG, Beyotime), nicotinamide adenine dinucleotide phosphate (NADPH, Beyotime), 5,5 0 -dithiobis-(2-nitrobenzoic acid) (DTNB, Beyotime), uorescein diacetate (FDA, Sigma) and propidium iodide (PI, 94%, Sigma) were used as purchased.
Cell culture
Cell culture was maintained in a 37 C incubator with 5% CO 2 , culture medium was changed every one or two days for maintaining the exponential growth of the cells. HeLa cells were derived from cervical cancer cells and cultured in DMEM medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin. L929 cells were derived from mice and cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin.
2.3 Cytotoxicity analysis 2.3.1 Cell viability assay. The cell viability assays of PEG oligomers and three PEG-based monomers to HeLa and L929 cells were evaluated using cell count kit-8 (CCK-8), 31 an improved version of the MTT assay (measuring the cleavage of the tetrazolium ring and formation of the formazan in living cells). Typically, cells were seeded in a 96-well plate at a density of $5 Â 10 4 cells per mL in 100 mL of respective media con- Then, the cell morphology changes of L929 cells exposed to PEG derivatives were observed using an optical microscopy (Leica Germany). According to our previous work, 32,33 uorescein diacetate (FDA) and propidium iodide (PI) could be used as a rapid and convenient double-staining method to observe the cell viability. L929 cells were seeded in a 24-well plate at a density of $5 Â 10 4 cells per mL. Aer attachment, cells were washed with PBS and cultured with different concentration of PEG derivatives in culture medium for 24 h. Then, the medium was removed, the cells were washed with PBS. A PBS-FDA-PI mixed solution (FDA: 3 mg mL À1 ; PI: 3 mg mL À1 ) was subsequently added and the 24-well plate was incubated at 37 C for 15 min. A uores-cence microscope (Leica Germany) was used to observe the live and dead cells under 450-490 nm and 515-560 nm band-pass excitation lters (I3 and N2.1), respectively (100 W mercury lamp).
Radical oxygen assay (ROS) generation.
Intracellular oxidative stress from PEG oligomers and monomers is displayed as the level of ROS. 2,7-Dichlorodihydrouorescein diacetate (DCFH-DA) was used to measure the generation of ROS. 34 Typically, L929 cells were seeded in a 96-well plate, aer removing the culture medium, the cells were washed with PBS and cultured in 100 mL of working solution containing DCFH-DA (10 mmol L À1 ) at 37 C for 1 h. Then, the cells were washed with PBS three times and incubated in culture medium containing different concentration TEG or mPEGA-480 for 0.5, 1, 1.5 and 2.0 h, respectively. The changes of the uorescein in cells (485 nm/535 nm) were collected by a microplate reader (VICTOR™ X3 PerkinElmer 2030 Multilabel Plate Reader). The uorescence intensity of cells in pure culture medium was used as a control, the values of ROS generation were shown as relative uorescence intensity compared with the control and presented as mean AE SD.
Reduced glutathione (GSH) declined. 5,5
0 -Dithiobis-(2-nitrobenzoic acid) (DTNB) was used to measure the reduced glutathione levels. All steps were in accordance with the manufacturer's instruction. Briey, L929 cells were seeded in a 24-well plate and incubated in 0.5 mL of culture medium with different concentration of TEG (A, A 0 ) for 1 h (Fig. 1 ), A1-A6 wells were used to measure the total amount of glutathione (GSH + GSSG) while A 0 1-A 0 6 wells were used to measure the amount of oxidized glutathione (GSSG) in the presence of TEG. Aer 1 h, cells were collected by trypsin digestion and centrifugation (1000 rpm, 5 min). Then, treble volume protein removal solution (50 mg mL À1 ) was added to remove the noisy proteins. Aer thrice quick freezing-thawing cycles in liquid nitrogen and a 37 C water-bath, the suspension were placed in a refrigerator (4 C) for 5 min, and the samples of cell supernatant were obtained aer centrifugation (10 000 rpm, 10 min). Samples from A1-A6 wells were used to measure the total glutathione (GSH + GSSG) level. NADPH solution (0.5 mg mL À1 ) was added to reduce all of glutathione to GSH, then, 5,5 0 -dithiobis-(2-nitrobenzoic acid) (DTNB) was used to oxidize the GSH, the changed absorbance at 405 nm was recorded by a microplate reader (VICTOR™ X3 PerkinElmer 2030 Multilabel Plate Reader). 35, 36 Samples from A 0 1-A 0 6 wells were used to measure the oxidized glutathione (GSSG) level. By using the GSH remover solution, only GSSG was le in the sample solution. The samples were analysed through same method as above to measure the GSSG's level. The total glutathione amount and the oxidized glutathione amount were collected to calculate the level of reduced glutathione while the GSH level of cells in pure culture medium was used as the control. The results were presented as mean AE SD. Wells in line B and B 0 were used to test the total amount of GSH and GSSG in the presence of mPEGA-480, respectively, through the same procedure.
Results and discussion
3.1 Cell viability study 3.1.1 Cell viability in the presence of PEG oligomers. The inuence of PEG oligomers (with different molecular weights) on cell growth and viability was examined by 24 h incubation of HeLa or L929 cells in different concentration PEG solutions.
When HeLa cell (a model of cancer cells) was used ( Fig. 2A) , the cytotoxicity of all PEG oligomers at low concentrations (#5 mg mL À1 ) could be neglected. With increased concentration ($10 mg mL À1 ), the molecular weight-dependent cytotoxicity of PEG samples was observed. The triethylene glycol (TEG) showed obvious cytotoxicity over 10 mg mL À1 (p < 0.05; contrast with any other oligomer when concentration is over 5 mg mL À1 ) and the IC50 value of the TEG to HeLa cells was calculated as 19.8 mg mL À1 . Meanwhile, other PEG oligomers (M n $ 400-4000) also showed tiny cytotoxicity. The cytotoxicity of PEG oligomers to L929 cells (a model of normal cells) was also evaluated (Fig. 2B) . The cell viability Fig. 1 The configuration of the 24-well plate for GSH analysis. Cells in line 1 were cultured in pure culture medium and used as the control; cells in A2-A6 and A 0 2-A 0 6 wells were cultured with 1, 2, 5, 10 and 20 mg mL À1 of TEG, respectively; cells in B2-B6 and B 0 2-B 0 6 wells were cultured with 1, 2, 5, 10 and 20 mg mL À1 of mPEGA-480, respectively. decreased with increased PEG concentration as expected. Besides TEG, some PEG oligomers (PEG-1000, PEG-4000) which are safe to HeLa cells also showed detectable cytotoxicity, the IC50 values of TEG, PEG-1000 and PEG-4000 were calculated as 12.4, 22.5, and 20.0 mg mL À1 to L929 cells, respectively, also indicating the molecular weight-dependent cytotoxicity of PEG oligomers.
Above results suggested that HeLa cells have better tolerance to PEG oligomers than L929 cells due to the tenacious vitality of cancer cells, and the TEG has much higher cytotoxicity than other PEG oligomers with higher molecular weights (p < 0.05; contrast with any other oligomer when concentration is over 5 mg mL À1 ). It is noticed the current research demonstrated the moderate cytotoxicity of PEG-1000 and PEG-4000 to L929 cells, and the nearly non-cytotoxicity of PEG-400 and PEG-2000, which is different with the common impression that high molecular weight PEGs should be more biocompatible than their low molecular weight counterparts. Although the reason of PEG's cytotoxicity is still not clear, PEG-400 and PEG-2000 seem to be better choices for people to synthesize biocompatible materials. 3.1.2 Cell viability in the presence of PEG-based monomers. PEG-based monomers, such as mPEGA-480, mPEGMA-500 and mPEGMA-950 have been frequently used in polymer chemistry to synthesize polyPEGs for biomedical applications. The cytotoxicity of some polyPEGs has been detailed studied to screen a safe polymerization route. [37] [38] [39] [40] [41] [42] However, the very important cytotoxicity information of PEG-based monomers has not been fully studied. Thus, we hoped to systematically study the cytotoxicity of PEG-based monomers. The same procedure (CCK-8 assay) was employed to compare the percent reduction of CCK-8 dye with positive control (cells in pure culture medium) and negative control (no cells in plate), the inuence of three PEG-based monomers on the growth and viability of HeLa and L929 cells was examined aer 24 h incubation.
When mPEGMA-500 was tested, the cell viability of both HeLa cells and L929 cells decreased with increased concentration of mPEGMA-500 (Fig. 3A) , and no apparent difference between two types of cells was observed. The IC50 values of mPEGMA-500 are 4.7 mg mL À1 to HeLa cells, and 5.3 mg mL
À1
to L929 cells aer 24 h culture, indicating more signicant cytotoxicity of mPEGMA-500 than abovementioned PEG oligomers, and implying the chain end groups of PEG derivatives are crucial to their toxicity. When mPEGMA-950, another PEGbased methacrylate with same chain end group but higher molecular weight was tested through same procedure (Fig. 3B) , much lower cytotoxicity of mPEGMA-950 to HeLa cells or L929 cells was observed (p < 0.05; when concentration is over 2 mg mL À1 ), the IC50 values of mPEGMA-950 are 20.8 mg mL À1 to HeLa cells, and 21.7 mg mL À1 to L929 cells aer 24 h culture, also demonstrating the molecular weight-dependent cytotoxicity of PEG-based methacrylate. Furthermore, PEG-based acrylate mPEGA-480 was also tested. Although the difference between mPEGA-480 and mPEGMA-500 is only a methyl group at chain end, mPEGA-480 showed acute cytotoxicity (Fig. 3C) . More than 95% cells lost viability even with 1 mg mL À1 mPEGA-480 in the culture medium. Thus, additional experiments have to be carried out with lower concentrations to determine its cytotoxicity (Fig. 3D) , and the IC50 values of mPEGA-480 were calculated as 0.2 mg mL À1 to HeLa cells and 0.1 mg mL À1 to L929 cells aer 24 h culture.
The cell viability experiments conrmed that both chain end groups and molecular weight are important inuence elements to the cytotoxicity of PEG derivatives, and the PEG-based monomers showed much more noticeable cytotoxicity compared with PEG oligomers.
Meanwhile, the cytotoxicity of inhibitors in PEG-based monomers, hydroquinone methyl ether (MEHQ, 100 ppm in mPEGA) and butylated hydroxytoluene (BHT, 300 ppm in mPEGMA), were also evaluated (Fig. 4) , and the L929 cells remained high viability ($90%) at low concentrated inhibitors (#1 mg mL À1 ). There are 0.1 mg mL À1 of MEHQ in 1 mg mL À1 of mPEGA-480, and 3 mg mL À1 of BHT in 10 mg mL À1 of mPEGA-500, while mPEG-480 and mPEGMA-500 demonstrated obvious . Cells without PEG-based monomers served as the positive control and no cells as negative control. Fig. 4 Concentration-dependent cytotoxicity of two inhibitors include MEHQ and BHT to L929 cells, the concentrations of inhibitors range from 0.1 to 10 mg mL cytotoxicity at those concentrations. Thus, the trace amount inhibitors in PEG-based monomers seemed have negligible inuence on the cytotoxicity of monomers.
Cell morphology observation
Optical microscope observation was used to directly evaluate the cytotoxicity of PEG derivatives to L929 cells. The optical images of L929 cells exposed to 20 mg mL À1 TEG and 0.1 mg mL À1 mPEGA for 24 h were shown in Fig. 5A and B, respectively.
Aer incubation with 20 mg mL À1 TEG for 24 h, the cells kept the similar morphology (Fig. 5A ) with the control group (Fig. 5C , cells in pure culture medium), but the cell number dramatically decreased, indicating the cytotoxicity of TEG at high concentration, which led to the death and followed detachment of cells from the microplate bottom. Fig. 5B showed the morphology of L929 cells aer incubation with 0.1 mg mL À1 mPEGA-480. Almost all cells lost normal morphology, suggesting the acute cytotoxicity of mPEGA-480 even at such a low concentration. Additionally, the cells were also stained using uorescein. FDA/PI double-staining is a rapid, simple and simultaneous procedure to observe the living and dead cells. 43 FDA can enter the complete cells and accumulate in cells, therefore, the complete cell membrane is necessary to prevent the leaking of uorescein from the cell. In contrast, PI can't pass through the intact cell membrane, but can stain the nucleus of dead cells by passing through the damaged cell membrane. As the Fig. 6 showed, L929 cells incubated with 20 mg mL À1 TEG have less viable cells aer the FDA staining (Fig. 6b ) compared with the control (Fig. 6a) , and more dead cells can be observed aer the PI staining (Fig. 6b  0 ) , identical with the result by observation through an optical microscopy. mPEGA-480's acute cytotoxicity was also be observed aer the FDA/PI double-staining procedure, no green signal could be identied aer incubating cells with 0.1 mg mL À1 mPEG-480 for 24 h (Fig. 6c and c  00 ).
Both optical and uorescent images intuitively demonstrated the cytotoxicity of those PEG derivatives, further supporting the conclusion obtained through CCK-8 assays. It is noticed the mPEGA-480 seemed more toxic by the FDA/PI double staining assay, which is attributed to the FDA/PI double staining distinguishes the completeness of live/dead cell membrane while the CCK-8 assay detects the activity of the dehydrogenase in mitochondria, suggesting FDA/PI staining an excellent supplement of CCK-8 assay to offer more details of the cell status.
Mechanism study
According to the cell viability experiments, the IC50 values of the PEG oligomers and PEG-based monomers to HeLa and L929 cells aer 24 h culture were calculated and summarized ( Table 1 ), suggesting that the PEG-based monomers are much more toxic to cells than the PEG oligomers, and the mPEGA has the highest cytotoxicity. The generation of ROS and decline of GSH in cells, two main mechanisms of cytotoxicity were therefore analysed to probe the possible reason of cytotoxicity.
3.3.1 Generation of ROS. Reactive oxygen species (ROSs) are chemical species containing oxygen in aerobic cell, including singlet oxygen, hydroxyl radical, superoxide and peroxides, etc., 44 which are natural products of the intracellular metabolism and act important roles in cell signalling and other functions. Generally, the intracellular level of ROS is balanced but can dramatically increase under environment stress, leading to cell apoptosis. The generation of ROS is oen considered as one of the most possible reasons of cytotoxicity for many biomedical materials. [45] [46] [47] [48] [49] [50] [51] Thus, the ROS levels induced by TEG and mPEGA-480 were measured respectively in current research through the DCFH-DA assay.
L929 cells were incubated with TEG, and the ROS levels at different time points (0, 0.5, 1.0, 1.5, 2 h) were detected according to our previous reports and shown in the Fig. 7 . As an example, the ROS levels aer incubation with different concentration TEG for 2 h were shown in Fig. 7A . It is clearly to see the ROS levels kept stable with low TEG concentration (#2 mg mL
À1
), but signicantly increased when TEG concentration is higher than 2 mg mL
, consistent with the result of cell viability experiment in Fig. 2B . Similarly, the gures of ROS level vs. TEG concentration at different time points were drawn and merged to get a 3D map (Fig. 7B) . The maximum ROS levels were found at 2 h with 20 mg mL À1 TEG, an approximately 400% increased ROS level over control (ROS level ¼ 100) was detected, resulting in the brightest uorescence intensity. Those results suggest the generation of ROS is the possible mechanism of the cytotoxicity of TEG, and the high level of ROS induced by TEG might be the main reason for cell apoptosis. The ROS levels induced by mPEGA-480 aer 2 h were also tested (Fig. 8A) . Different from TEG, mPEGA did not cause the quick increase of ROS in cells, only $170% ROS increase compared with the control was observed as the maximum. The 3D ROS level vs. mPEGA & time (Fig. 8B) showed the ROS level induced by mPEGA-480 as a wave and the crest appeared at moderate concentration of mPEGA (5 mg mL À1 ), no signicant generation of ROS can be observed, suggesting that the generation of ROS might only partly contribute to the cytotoxicity of mPEGA-480.
Declined of GSH.
Reduced glutathione (GSH) is a tripeptide containing glutamic, cysteine and glycine. It is an important antioxidant in animals, plants and some bacteria. In this process, reduced glutathione is converted to oxidized glutathione (GSSG), two glutathione molecules connected via a disulde bond. The decreased intracellular GSH may cause the increase of the level of intracellular ROS, leading to possible cytotoxicity. Thus, the decrease of GSH is also thought as one of the possible mechanisms of cytotoxicity. In the current research, the DNTB assay was employed to measure the intracellular GSH level. The GSH level of L929 cells were analysed aer incubating the cells with TEG or mPEGA-480 for 1 h, cells in pure culture medium (100%) were tested as the control (Fig. 9) . No signicant GSH decrease was observed when cells were incubated with TEG, implying the declined GSH might not be the cytotoxicity reason of TEG. On the contrary, when mPEGA-480 was incubated with cells, even at low concentration (1 mg mL À1 ), a sharp decline of the GSH value ($40%) was observed. With increased mPEGA-480's concentration, the GSH level quickly decreased to almost zero, suggesting that the cytotoxicity of mPEGA-480 might mainly stem from the declined GSH.
The reducing thiol group in GSH is an important antioxidation source in organisms. A possible mechanism for the cytotoxicity of mPEGA-480 is thereof attributed to the Michael addition reaction between thiol group and vinyl bond, leading to the broken intracellular redox equilibrium and cell apoptosis. Previous research suggested that the Michael addition between thiol and acrylate is much faster than that between thiol and methacrylate, 52 which might be a reasonable cause for the different acute cytotoxicity between mPEGA-480 and mPEGMA-500. 
Conclusions
The cytotoxicity of PEG oligomers and PEG-based monomers to HeLa cells and L929 cells were evaluated for the rst time.
Concentration-dependent cytotoxicity of PEG oligomers and PEG-based monomers has been conrmed, and presented as IC50 values to HeLa cells and L929 cells. PEG-400, PEG-2000 seem almost non-cytotoxic in the current research. PEG-1000, PEG-4000 and mPEGMA-950 showed moderate cytotoxicity especially at high concentration. TEG and mPEGMA-500 showed signicant cytotoxicity, and mPEGA-480 showed acute cytotoxicity. Moreover, cell types also inuence the results of the cytotoxicity study, HeLa cells are more robust than L929 cells to tolerate PEG derivatives. These results about PEG derivatives cytotoxicity are preliminary but fundamental for their future biomedical application, more information about the cell response and behaviour to other PEG derivatives will be further investigated.
